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The breakup of free-surface flows is a subject of permanent interest to researchers [1] , Rayleigh-Plateau instability being the most popular example of this kind of flow. However, the so-called pearling instability [2] differs from the latter in that it does not proceed simultaneously at different regions of the flow, but it grows due to the propagation of the perturbation from the ends of the domain towards the uniform bulk. This type of instability has been observed in quite different fields, such as reaction-diffusion systems, dendritic growth, and laser-tweezed cylindrical lipid vesicles [3] , among others [4] . In this paper we report experimental results which are morphologically similar to those shown in the above references, but with remarkable differences from the physical point of view. In our problem, the contact line and wettability play a fundamental role. We study the evolution of a long fluid strip placed on a horizontal substrate under partial-wetting conditions. In this case, the perturbation is localized at the extremes of the strip and propagates inwards with the dewetting contact line. Though the central region is in equilibrium, the system evolves due to experimentally unavoidable nonequilibrium conditions at the extremes of the strip. We observe that these extremes develop bulges whose size increases as they dewet the substrate along the strip axis. The width of the neck connecting the bulge and the strip decreases until it pinches off, so that a drop detaches at each extreme. As the axial dewetting process continues, successive bulges and neck pinchings give place to a near equidistant linear array of drops (see fig. 1 ).
The substrate used in the experiments is a microscope slide coated with a fluorinated solution (FC-725 or EGC-1700 of 3M) by dip coating under controlled speed (≈ 5mm/s). This coating ensures that the substrate is partially wetted by our silicon oil (polydimethylsiloxane, PDMS). In order to generate the initial condition we start with a vertical filament of PDMS flowing out from a small nozzle at the bottom of a vessel filled with the silicon oil [5] (kinematic viscosity ν = 20 St, density ρ =0.96 g cm −3 and surface tension γ =19.8dyncm −1 ,s o that the capillary length is a = γ/ρg =0.145 cm). The diameter, d (0.3 − 1 mm), of the resulting jet, and its cross section A, are highly reproducible and can be regulated by varying the nozzle diameter, the height of the oil in the vessel and the fluid viscosity.
The filament is captured from the jet on a substrate by performing suitable rotations of its frame before reaching the final horizontal position. All these movements take about 1-2 seconds, i.e. a time interval which is very short compared to the time scale of the experiment. This experimental procedure yields a fluid strip of uniform width, w, with contact lines which are both parallel and straight, so that the initial configuration has a constant cross sectional area along the strip axis [5] .
The wettability of PDMS on the coated glass is characterized by measuring the static contact angle, θ e ,o f asingle circular drop at rest on a horizontal substrate. Since the drop is placed from the tip of a thin wire, the drop edges advances till it reaches a maximum radius.
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A. G. González et al. We measure the resulting contact angle by impinging a 5 mm diameter He-Ne laser beam, normal to the substrate, onto the drop from above [6] . The radius of the circular area illuminated by the refracted beam, R,i so b s e r v e d at a screen placed a distance H (≈ 5 cm) (see fig. 2a ), and yields the maximum angular deflection, β =arctan(R/H). The contact angle θ e is related to β by tan θ e = sin β
where n =1.4 is the refraction index of PDMS. Thus, we obtain θ e =57
• ±1
• for EGC-1700 and θ e =63
• for FC-725.
This technique is also applied to the fluid strip. We measure the contact angle, θ 0 = θ(t = 0), at different points along the strip as soon as it is captured on the substrate. Here, R stands for the maximum light deflection on the screen in the transversal direction (see fig. 2b ). Thus, we verify that (within the error of the measurement) θ 0 = θ e . Note that both the circular drop and the cylindrical filament reach the measured values by an advancing front. During this part of the measurements there is no receding front and, therefore, no contact angle hysteresis effects are present. Later on, when the system evolves to an array of drops, this technique yields the contact angle, θ, at every point of their contact lines.
A schlieren technique is used to probe the evolution of the neck region as well as to observe the shape of the contact line along the whole strip. This method also allows us to ascertain that the initial maximum height is uniform, so that there is no externally imposed characteristic wavelength. A typical pinch-off process is shown in fig. 3 , where we can see a short region of the uniform strip (on the left) and half of the bulge/drop (on the right). The width of the neck decreases until it breaks up, so that the bulge evolves into a detached drop. The pinch-off process is not symmetric (it occurs first on the drop side) and originates secondary droplets, as well as tertiary smaller droplets. In several cases we see the formation of not only secondary and tertiary droplets but also quaternary ones. This process is repeated until an array of quasiequidistant primary drops is achieved ( fig. 1 ). All drops reach an equilibrium state as checked several days after. Note that the formation of each primary drop involves two processes: the break-up process and the receding motion of the bulges. The duration of the former is of the order of tens of seconds (see fig. 3 ) while that of the latter is of the order of some minutes.
The contact angle around the resulting drops is measured by using the refraction technique described above for the measurements of θ e and θ 0 . Since a drop formed after the pinch-off is non-circular (see fig. 4a ), the deflection distance of the laser beam depends now on the azimuthal angle with respect to the longitudinal direction, α (0 α 360
• ), i.e. R(α). Note that the laser beam deflection is produced by refraction in the plane that contains the normal to the contact line. In the circular drop case the angle, ψ, between the normal and the longitudinal axis coincides with α, but now this only occurs at α =0
• , 90
• . As a result, ψ is a function of α which is obtained by using schlieren images and microscope photographs of the drop (see fig. 4a,c) . By inverting ψ(α), we obtain R(α) and, from eq. (1), we calculate θ(α). Our process is somewhat different from that used by Rio et al. [7] since we do not scan the drop but probe the contact line in a single snapshot.
The contact angle θ vs. α as obtained with this analysis for the pattern in fig. 4b is shown in fig. 5 . Note that in the transverse direction (α =90
• ,270
• ≈ θ e . This can be understood on the basis that the contact line only advances in these directions (i.e., it wets and does not dewet). On the longitudinal direction (α =0
• ,180
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Rupture of a fluid strip under partial wetting θ ≈ 47
• ≈ θ e − 9
• , likely because the contact line goes through a dewetting process after pinch-off. This result points out that the contact angle hysteresis is directly responsible for the appearance of non-circular droplets. Interestingly enough, the secondary droplets have similar patterns (see fig. 4d ), and consequently a similar θ(α) relationship to that shown in fig. 5 for a primary drop. In fact, they form from smaller filaments (elongated necks, as seen in fig. 3b,c) connecting the bulge, which is evolving toward a primary drop, and the rest of the strip. In order to model the shape of the drop free surface, we consider the fact that the primary drop footprint can be approximated fairly well by two superimposed ellipses (see fig. 4a ). This allows us to conjecture that the drop free surface could as well be described by two superimposed ellipsoidal caps. The assumed bi-ellipsoidal free surface allows us to calculate theoretical values of the contact angle θ(α). The eccentricity and the axes lengths of the two ellipses that approximate the footprint are measured from the microscope photographs, so that the only unknown parameter is the height of the cap. This value is adjusted by using the experimental θ(α) given from the refractive technique, which does not require a detailed knowledge of the free surface. The fact that the adjustment of a single parameter leads to a theoretical curve, which not only fits the amplitude of θ(α), but also other details of the angular distribution (see fig. 5 ), shows that the assumed drop shape (two superimposed ellipsoidal caps) contains the main features of the actual primary drop. Naturally, the experimental asymmetries at θ =0
• cannot appear in the symmetrical drop shapes. Other guesses for the free surface shape, such
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A. G. González et al. as a single ellipsoid or superellipsoids, lead to significant discrepancies between the fitted curve and the experimental data. As a crosscheck we consider a large number of random parallel rays impinging on the bi-ellipsoidal cap and apply Snell's law in order to obtain the corresponding illumination pattern (black dots in fig. 5b ). The comparison with the contour of the experimental illumination pattern (solid line) confirms that the actual drop free surface is very similar to the bi-ellipsoidal caps.
An important aspect in the dynamics of the pearling process is the dewetting velocity of the ends of the strip. Figure 6a shows the timelines of the tip of the strip with respect to the pinch-off point for different breakups. They can be approximated by power laws of the form ξt δ with ξ and δ in the ranges (0.12, 0.17) and (0.76, 0.86), respectively (x and t are measured in mm and s). Except for early times, the dewetting velocity can be approximated by U ≈ 0.075 mm/s. At a later stage, the tip has evolved and widen in the transversal direction. The bulge size is comparable to the future primary drop, but it is still connected to the strip. In these stages (see fig. 6b ), the values of ξ areintherange(0.048, 0.052) and δ ≈ 0.95. As a consequence, the tip motion is slower, but its velocity is nearly constant, U ≈ 0.04 mm/s. This is consistent with the observation that the bulge is moving as a whole without significant deformation of its footprint. During the evolution, the average capillary number, Ca = µU/γ, is of the order of 5 × 10 −3 . For a given initial strip of length, L ≈ 7.2 cm, we observe that the final number of primary drops, n, strongly depends on both the initial width of the strip, w,a n d the coating material which determines θ e . Table I shows the results for a typical set of experiments. The number of drops increases as the width of the strip decreases. For the wider strips one gets a very small n and, consequently, the mean distances between primary drops, D, is very large. In order to reach this state, a significant amount of liquid has to be moved a distance of the order of D. This requires a long time which can be as large as 1-2 days. Additional experiments with ν = 100 St show that n is independent of viscosity although the time required to reach the final state increases. Several linear stability analysis of infinite strips neglecting gravity are found in the literature [8] [9] [10] . Basically, they predict a critical wavelength, λ c , based on a marginal criterion. In these studies, λ c is assumed to be the typical distance between drops after the infinite strip breaks up. As shown in table I, the experimental values of D significantly and differ from theoretical λ c as given, for example, by Roy and Schwartz [10] . This indicates that the actual distance between drops is not given by the marginal stability wavelength. The dominant wavelength, corresponding to that of maximum growth rate, for the infinite strip case is not reported in the literature. We think that this is because it is difficult to solve the governing equations for the dispersion relation without a detailed knowledge of the dynamics including, for instance, the effects of viscosity. However, in order to compare this type of analysis with experiments, further considerations are needed. The experiments suggest that the finite length of the strip plays a relevant role in the development of the pearling process. While in the infinite case, the break-up process occurs simultaneously all along the strip, in the finite case we observe that the break-ups are localized only at the ends of the strip. Moreover, they are a combination of longitudinal dewetting motions of the tips plus a pinch-off mechanism in the transversal direction. Thus, it is likely that a linear analysis that does not take these facts into account will not suffice to determine the actual distance between consecutive primary drops.
Our experimental results show that the pearling process on partial wetting substrates includes several interesting problems such as the mechanism of the contact line pinchoff. Previous studies were based on a theoretical analysis of infinite strips, but the experimental results indicate a strong influence of the finite nature of the strip which plays an important role in the evolution of the system. Further research is needed to elucidate these issues. * * * The authors AGG, JD, and RG, researchers of CONICET (Consejo Nacional de Investigaciones Científicas y Técnicas, Argentina) and JG, fellow of CONICET, acknowledge support from ANPCyT (Argentina), and thank 3M for donating the coating products.
